We have examined the expression of transfected human hypoxanthine phosphoribosyltransferase minigenes (HPRT) in mouse embryonic stem (ES) cells. cDNA constructs of this gene that have been successfully used in somatic cell lines failed to confer hypoxanthine/aminopterin/ thymidine (HAT) resistance in ES cells. In contrast, constructs containing introns 1 and 2 from theHPRT gene produced a high frequency of HAT-resistant colonies. This observation allowed us to identify two sequences in these introns that influence expression of the HPRT gene in ES cells. One element, located in intron 2, is required for effective HPRT expression in these cells; the other element, located in intron 1, acts as an enhancer of HPRT expression. Using this information, we have constructed an HPRT minigene that can be used for either positive or negative selection in ES cell experiments. This dual capability allows the design of "in-out" procedures to create subtle changes in target genes by homologous recombination with the aid of this selectable minigene.
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Mouse embryonic stem (ES) cells are being used with increasing frequency for constructing mutations in vitro by homologous recombination (gene targeting) that can be transferred into the mouse germ-line after blastocyst injection (1) (2) (3) . Such experiments are dependent to a large extent on the availability of selectable marker genes that can be expressed in mouse ES cells. To date, two such marker genes have been used: neomycin phosphotransferase (NEO) and thymidine kinase (TK) (4) (5) (6) . Cells expressing the NEO gene can be selected for by their growth in medium containing G418. Conversely, cells expressing the Herpes simplex virus TK gene can be selected against due to their death in medium containing gancyclovir. In this report, we describe the identification of sequences necessary for the expression in ES cells of a third marker gene, hypoxanthine phosphoribosyltransferase (HPRT). This gene allows two selection methods. Cells expressing the HPRT gene can be either selected for by growth in medium containing hypoxanthine/aminopterin/ thymidine (HAT) or they can be selected against by culture in medium containing 6-thioguanine (6-TG).
The HPRT gene is located within a 44-kilobase (kb) region on the X chromosome in humans and rodents (7) (8) (9) . It contains 9 exons, which encode a 1.3-kb mRNA. While previous studies have shown that HPRT cDNA driven by a number of different promoters can be expressed after transfection into somatic cell lines, we demonstrate in this report that similar constructs rarely yield HAT-resistant ES cell colonies. We therefore began to search for elements within the gene that influence its expression in these cells.
Recent analyses of a number of genes have shown that important regulatory sequences such as transcriptional enhancers or suppressors are sometimes contained in introns (10) (11) (12) (13) (14) (15) (16) (17) . Also, several reports have suggested that the presence of an intron, even one from a foreign gene, may contribute in a general way to the level of expression of a gene, especially in nontransformed cells (17) (18) (19) . In this report, we demonstrate that the frequency of obtaining HAT resistance in mouse ES cells is strongly influenced by sequences contained within the first two introns of the human HPRT gene. The identification of these regions suggests that HPRT expression in ES cells has more stringent requirements than in somatic cell lines. These two sequences, when incorporated into a cDNA HPRT vector, have allowed us to construct an HPRT minigene that can be used for either positive or negative selection in ES cells.
MATERIALS AND METHODS
Culturing, Electroporation, and Selection of ES Cells. The HPRT-mouse embryonic stem cell line E14TG2a (20) was cultured on embryonic fibroblast feeder layers that had been irradiated or treated with mitomycin c as described (21) . Electroporation conditions were similar to those that have been described (22) . ES cells (2 x 107 cells) were electroporated in the presence of linearized plasmid DNA at 5 nM in 0.5 ml of culture medium. The electric pulse lasted for 1 sec at room temperature using a 200-to 250-,AF capacitor charged to 300 V. The electroporated cells were seeded on HPRT' feeder layers. Twenty-four hours after electroporation, the culture medium was replaced with a selective HAT medium (120 A&M hypoxanthine/0.4 AM aminopterin/20 /LM thymidine). After 10-14 days of selection, large HAT-resistant ES cell colonies could be distinguished. Since the transfection frequencies vary somewhat between experiments done on different days, the number of colonies obtained for each construct was normalized to a percentage of the number of colonies obtained with pnIl,2 (described below) in a parallel transfection carried out with the same cells on the same day.
Site-Directed Mutagenesis. An Nco I site was introduced into exon 2 of an HPRT cDNA clone and an HPRT genomic DNA clone using the oligonucleotide 5'-TAGTCCATGGG-GAATAAACA-3' and the site-directed mutagenesis protocol of Kunkel et al. (23) to substitute a C for the T residue at position 114 in the human HPRT coding sequence. The substitution was confirmed by dideoxynucleotide sequencing.
Plasmids. The structures of plasmids used in this work are summarized in Fig. 1 defined by an ability to stimulate expression in an orientationand position-independent manner, two plasmids were constructed that placed the 2.7-kb BamHI/Kpn I intron 1 fragment outside its normal position in the human HPRT gene.
Specifically, the 2.7-kb intron 1 sequence was inserted in either orientation into the single Cla I site in pnI2 upstream of the promoter of the HPRTminigene to construct pnI2(I1S) and pnI2(I1R) (S, same; R, reverse orientation). As shown in Fig. 1 , both constructs produced high frequencies of HATresistant ES cell colonies. These results indicate that this 2.7-kb intron 1 fragment contains an enhancer element for HPRT expression in mouse ES cells. As in the deletion analysis, the increase in the relative number ofHAT-resistant colonies obtained with pnI2(I1S) and pnI2(I1R) compared to pnI1,2 is probably related to the reduced size of these plasmids. Enhancer Analysis of Intron 2. To test whether the regulatory element in intron 2 is also an enhancer, the position and orientation dependence of this sequence was investigated in the manner used for the intron 1 sequences. A 1.8-kb Nco I/Xho I fragment that contained intron 2 and 39 base pairs of surrounding exon DNA was inserted in either orientation into the single Cla I site in pnNI to construct pnNI(12S) and pnNI(I2R). As shown in Fig. 1 , neither of these constructs produced HAT-resistant colonies after transfection into mouse ES cells. These results indicate that intron 2 does not contain an enhancer element. Rather, this DNA appears to influence HPRT expression by a position-dependent mechanism. The experiments described in this report were performed with the human HPRT gene. Gene targeting experiments in our laboratory suggest that the mouse HPRT gene may have a similar requirement for sequences in the second intron for its expression in ES cells (L.H.R., unpublished data).
DISCUSSION
We have identified two sequence elements important for the expression of the human HPRT gene in mouse ES cells as judged by their ability to confer HAT resistance to transfected cells at a high frequency. One element is located in the second intron of the HPRT gene. Its presence in its normal site in the HPRT construct is required for effective expression in ES cells since few HAT-resistant ES cell colonies were obtained after transfections with constructs lacking this intron or with constructs having it upstream of the gene. A second regulatory element is contained within a 2.7-kb fragment at the 5' end of the first intron. This fragment is not absolutely required for HPRT expression since HATresistant ES cell colonies were obtained with constructs that lack intron 1. However, constructs that contain both intron 2 and this intron 1 fragment produced 4-fold more HATresistant colonies than plasmids with intron 2 alone.
In our experiments, HPRT expression and its modification by regulatory elements were assessed by counting the number of HAT-resistant colonies obtained after stable integration of the various test plasmids into the chromosomal DNA. As previously described, this figure probably reflects the number of chromosomal sites able to support sufficient HPRT expression to produce HAT resistance and so depends in part on the level of expression of the HPRT minigene. Thus, the sequence elements that we have identified that cause an increase in the number of HAT-resistant colonies most likely do so by facilitating expression of the HPRT minigene.
The intron 1 fragment appears to contain a classical transcription enhancer, since it continued to increase HPRT expression when positioned upstream of the HPRT minigene in either orientation. Similar enhancers have been identified in the introns of other eukaryotic genes, including adenosine deaminase (13) , ,B-actin (10) , ,B-keratin (11) , and the immunoglobulin heavy-chain genes (12) . Inspection of the sequence of the HPRT intron 1 fragment (26) failed to reveal any regions homologous to published enhancer consensus sequences (27, 28) .
The essential intron 2 element does not appear to contain a transcription enhancer element because it does not act in a position-and orientation-independent manner. Nor is the required presence of intron 2 likely to be an indication merely of some general requirement for intron splicing, since constructs that contain an alternative intron capable of splicing were not expressed (pnIl). It may instead influence transcription by altering the DNA conformation of the gene. The sequence of intron 2 (26) is notable in having an abundance of T residues, 85 of which are in uninterrupted stretches of more than 4 base pairs. Such poly(T) tracts may represent areas of unusual chromatin structure. Homopurine and homopyrimidine tracts have been found to be sensitive to S1 nuclease digestion, presumably because of their ability to alter DNA conformation (29) .
A regulatory role for introns has been suggested by Brinster et al. (19) . They observed that intron-containing constructs led to more frequent and higher levels of mRNA production than corresponding intron-deficient constructs in transgenic mice. Since this intron influence was not observed with the same constructs in cultured cells, they proposed that some intron regulatory elements are recognized during development but are not required after transformation into established cell lines. Our observations are similar in that they demonstrate that HPRT expression in ES cells is strongly influenced by intron sequences, although this influence had not been observed in previous studies with somatic cell lines. Whether this difference in expression requirements is related to the embryonal or nontransformed nature of these cells is unknown. ES cells may therefore be particularly interesting for future gene expression studies.
Our identification of regulatory elements in the first two introns of the gene has allowed us to construct HPRT minigenes useful as selective markers in ES cells. The two 6.0-kb HPRT minigenes pnI2(IlS) and pnI2(I1R) produce transfectants in ES cells at a frequency equal to or better than the frequencies we have obtained with any previously published markers. Although these minigenes are relatively large, our experience suggests that they will not prevent homologous recombination when located in the nonhomologous loop of an ft-type (replacement) gene targeting vector. We have observed frequencies of gene targeting of -1 homologous recombinant per 105 electroporated cells using fQ-type (replacement) vectors that contain nonhomologous loops of almost 5.0 kb (L.H.R., unpublished data). The 6-kb HPRT minigenes should consequently be of potential value for use in gene disruption experiments.
The greatest value of these HPRT minigenes, however, is likely to be in two-step in-out gene targeting experiments of the following type. For the first "in" step, electroporation with an ft-type (replacement) construct containing the HPRT minigene surrounded by target gene sequences can be used to introduce HPRT sequences into the target locus in HPRT-ES cells. Successfully targeted HPRT+ cells can be identified by their growth in HAT medium combined with genome analysis by polymerase chain reaction (30) . These recombinant cells can then be used in the second "out" step of the gene targeting by electroporating with a second ft-type (replacement) construct containing the desired replacement sequences surrounded by target gene sequences but lacking any HPRT sequences. Successfully targeted HPRT-cells, in which the desired gene replacement has been accomplished at the same time as all HPRT sequences have been eliminated, can be identified by their resistance to 6-TG combined with polymerase chain reaction analysis. Such an in-out procedure should allow the creation of subtle changes in target genes by two steps of gene targeting, yet all the targeting steps will have been carried out with the help of selection, and no selectable sequences will be left in the target gene. In-out targeting experiments can also be designed by using HPRT as part of an 0-type (insertion) vector. Such an 0-type (insertion) design resembles the two-step targeting experiments that have been performed with selectable genes in yeast (31) . ES cells that have survived single (6-TG medium) and double (6-TG medium followed by HAT medium) selection steps have produced germ-line animals (1, 20) . Therefore, we do not anticipate that the repeated selection steps necessary for in-out gene targeting experiments will significantly alter the ability of the recombinant ES cells to colonize the germ line after introduction into mouse blastocysts. A previous hindrance to this work was the lack of expression of HPRT cDNA constructs in mouse ES cells. With the identification of important regulatory elements in the first two introns of the gene, HPRT can now be used as a selective marker for experiments in ES cells.
